Dysregulation of dickkopf-related protein 1 (DKK1) expression has been reported in a variety of human cancers. We previously reported that DKK1 was upregulated in hepatocellular carcinoma (HCC). However, the role of DKK1 in HCC remains unclear. This study aimed to investigate the clinical significance and biological functions of DKK1 in HCC. The expression of DKK1 was examined in cirrhotic and HCC tissues by immunohistochemistry and quantitative real-time polymerase chain reaction (qRT-PCR). DKK1 was silenced or overexpressed in HCC cell lines, and in vitro and in vivo studies were performed. Immunohistochemistry revealed that DKK1 was weakly expressed in cirrhotic tissues (8/22, 36.4%) but upregulated in HCC tissues (48/53, 90.6%, cohort 1). Significant upregulation of DKK1 was observed in 57.6% (19/33, cohort 2) of HCC tissues by qRT-PCR, and the expression of DKK1 was associated with tumor size (P = 0.024) and tumor number (P = 0.019). Genetic depletion of DKK1 impaired the proliferation, colonyforming ability, invasion, and tumor formation of HCC cells (HepG2 and HUH-7). Conversely, forced expression of DKK1 increased the proliferation, colony-forming ability, and invasion of HepG2 and HUH-7 cells in vitro and enhanced tumor formation in vivo. Subsequent investigation revealed that the DKK1-mediated proliferation and tumorigenicity of HepG2 and HUH-7 cells is dependent on the Wnt/β-catenin signaling pathway. These findings indicate that DKK1 plays an oncogenic role in HCC by activating the Wnt/β-catenin signaling pathway.
INTRODUCTION
Hepatocellular carcinoma (HCC) is the most frequent cause of cancer-related death worldwide. 1 Curative procedures such as hepatectomy and liver transplantation can only be offered to approximately 1/3 of HCC patients and are associated with high recurrence rates. 2 It is crucial to elucidate the underlying mechanism of HCC progression in order to develop therapeutic agents effective against HCC. Molecules that might be used as diagnostic/prognostic biomarkers or that inhibit HCC progression must be identified. 3 Dickkopf-related protein 1 (DKK1) is a secreted protein that has been clearly identified as a direct inhibitor of Wnt/β-catenin signaling via the LRP5/6 coreceptor of Frizzled proteins. [4] [5] [6] Accumulating evidence supports the involvement of DKK1 in human cancers. However, the role of DKK1 in tumor biology remains unclear. 7 The expression of DKK1 was reported to be downregulated in colorectal carcinoma and lung cancer cells. [8] [9] [10] Accumulation of Musashi RNA-binding protein 1 (MRP-1) in HCC cells significantly promotes proliferation, tumor formation, and cell cycle progression via silencing of DKK1. 11 In contrast, upregulation of DKK1 has been found in a variety of human cancers, such as cholangiocarcinoma and pancreatic, esophageal, breast and kidney cancers. [12] [13] [14] [15] [16] [17] In the liver, the expression of DKK1 is downregulated in human HCC, and upregulation of DKK1 in HCC was able to inhibit the invasion of HCC cells. 18 However, Chen and his colleagues 19 reported that DKK1 enhances HCC cell invasion via the MMP-7 signaling pathway. Overexpression of DKK1 is associated with a poor prognosis in human HCC. 20 In addition, DKK1 can be used as a serum biomarker for the diagnosis of HCC. 21, 22 It has been reported that HCC develops with increased frequency in hepatitis B virus surface antigen (HBsAg) transgenic mice. 23 We previously reported that DKK1 was upregulated in HBsAg mouse liver tissues and in human HCC. 24 Ultimately, the specific role of DKK1 in HCC remains controversial. In this study, the expression of DKK1 was examined in cirrhotic and HCC tissues by immunohistochemistry and quantitative real-time polymerase chain reaction (qRT-PCR). The biological function of DKK1 was investigated in HCC cell lines (HepG2 and HUH-7) using proliferation, invasion, cell cycle, colony formation, and xenograft tumor formation assays.
MATERIALS AND METHODS
Patient characteristics, immunohistochemistry, cell line establishment and cell culture, quantitative RT-PCR, western blot analysis, cell proliferation analyses, cell colony analyses, cell cycle analyses, cell invasion analyses, and subcutaneous xenograft assays in nude mice were performed as described in the Supplementary Materials and Methods.
Enzyme-linked immunosorbent assay Enzyme-linked immunosorbent assay (ELISA) was performed to investigate the expression of DKK1 in the supernatant of HCC cells with a Human DKK1 ELISA Kit (Elabscience, China). Briefly, a 96well plate was precoated with anti-human DKK1 antibodies, and supernatant samples were diluted with sample dilution buffer and added to the wells. The plate was incubated for 90 min at 37°C. After DKK1 was bound to the wells by the immobilized antibody, the liquid was removed from each well, and biotinylated antihuman DKK1 antibody was immediately added to the wells and incubated at 37°C for 1 h. After washing three times, HRPconjugated streptavidin was added after removal of unbound biotinylated antibody. The wells were washed again, and TMB substrate solution was added. Finally, the absorbance was measured at 450 nm by using an ELISA plate reader. According to the standard curve generated by serial dilution of recombinant human DKK1, the level of soluble DKK1 in each supernatant sample was calculated.
Virus production and transduction Lentiviral vectors (pGLV3/H1/GFP/Puro, pGHGV) expressing shRNA targeting human DKK1 or β-catenin or a negative control shRNA (listed in Supplementary Table 3 ) were purchased from GenePharma (Shanghai, China). All shRNA sequences were subjected to Basic Local Alignment Search Tool (BLAST) analysis to confirm the absence of homology to any additional known coding sequences. Full-length human DKK1 cDNA was PCR amplified, HA tagged, and inserted into the lentiviral vectors (pCDH/CMV/GFP/Puro, pCMGV) upstream of the internal ribosome entry (IRES) site. The DKK1 fragment was then isolated by NotI digestion and inserted into a DKK1 retroviral vector (pCMGV/ DKK1). HepG2 and HUH-7 cells were infected with the pGHGV/ shRNA-DKK1, pGHGV/shRNA-β-catenin, pCMGV/DKK1, or pCMGV vectors after 10 population doublings, as previously described. 25 After puromycin selection, loss or gain of DKK1 or β-catenin were confirmed by qRT-PCR and western blot analysis, and stable cell lines were established.
Confocal microscopy assay
HepG2 and HUH-7 cells were grown to 50% confluence on glass coverslips in a 24-well plate. Following treatment, cells were fixed with 4% PFA, washed twice with PBS, and blocked for 30 min in PBS containing 10% goat serum and 0.1% saponin (DSP). Primary antibodies specific for DKK1 and β-catenin in DSP were added simultaneously for 2 h at room temperature. After washing three times with PBS, secondary antibodies in DSP were added for 2 h at room temperature. Coverslips were washed again three times with PBS and were then mounted on slides with DAPI Slow Fade. Representative images were acquired on a Leica TCS SP5 confocal microscope with an oil immersion objective at ×60magnification. Representative images are shown as enhanced using ImageJ software. The primary antibodies and secondary antibodies are listed in Supplementary Table 1 .
TCF/LEF reporter assay HepG2 and HUH-7 cells were plated at a density of 2 × 10 4 cells/ well in 48-well plates and transfected with pGL3-blast or pGL3-LEF/TCF (purchased from MssBio, Guangzhou) using Lipofectamine TM 3000 according to the manufacturer's protocol. Luciferase activity was assessed using a Dual-Luciferase Reporter Assay system (Promega, Madison, WI, USA) according to the manufacturer's instructions. The primer sequences used for amplification of TCF/LEF are shown in Supplementary Table 4 .
Statistics
All statistical analyses were performed using SPSS for Windows (version 17.0; SPSS, Chicago, IL, USA). All experiments with cultured cells were carried out independently at least three times in experimental triplicate. All data are expressed as the means ± standard deviations (SDs) unless otherwise indicated. We determined the significance of differences in the human HCC data using Fisher's exact test, in the in vitro data using Student's t-test, and in the in vivo data using the Mann-Whitney U-test. In all cases, P values of <0.05 were considered statistically significant. 
RESULTS

DKK1 expression is upregulated in human HCC tissues
Immunohistochemistry revealed positive staining for the DKK1 protein in the cytoplasm of tumor cells. In general, DKK1 was weakly expressed (DKK1−, 14/22, 63.6%; DKK1+, 8/22, 36.4%) in 22 human cirrhotic tissues ( Fig. 1a, b ). In contrast, upregulated DKK1 expression (DKK1++ or +++) was observed in 48 of 53 human HCC tumor samples (90.6%) ( Fig. 1c, d ), while weak DKK1 expression (DKK1− or +) was found in the other five human HCC tumor samples (9.4%). qRT-PCR was performed to investigate the expression of DKK1 in 33 paired HCC and corresponding peritumoral tissues. As shown in Fig. 1e , significant upregulation of DKK1 was found in 57.6% (19/33, cohort 2) of the HCC tissue specimens compared with the corresponding peritumoral tissue specimens. These findings indicate that DKK1 may participate in human HCC progression.
HCC-related DKK1 expression is associated with tumor size and number As shown in Table 1 , qRT-PCR revealed that upregulated DKK1 expression was correlated with tumor size (P = 0.024) and tumor number (P = 0.019). However, DKK1 expression was not correlated with age (P = 0.116), sex (P = 0.142), capsular invasion (P = 0.292), portal vein tumor thrombi (P = 1.000), bile duct tumor thrombi (P = 0.424), lymphatic metastasis (P = 1.000), tumor stage (P = 0.238), histological grade (P = 0.531), serum alpha fetoprotein level (P = 1.000), serum CA19-9 level (P = 0.698), serum CA125 level (P = 0.707), or extrahepatic metastasis (P = 0.620).
Transfection of DKK1-shRNA inhibits the proliferation, colonyforming ability, cell cycle progression, and invasion of HepG2 and HUH-7 cells in vitro qRT-PCR and western blotting were performed to analyze the expression levels of DKK1 in DKK1-short hairpin RNA (shRNA) HCC cells (HepG2 and HUH-7). As shown in Fig. 2a , b, DKK1 was effectively and functionally suppressed by DKK1-shRNA in the evaluated HepG2 and HUH-7 cells. To verify that DKK1 was functionally silenced by the shRNA, we utilized ELISA to measure the expression levels of DKK1 in the supernatant of HCC cells. The ELISA results revealed that the DKK1 level was decreased in the supernatant of cultured stable DKK1-shRNA HepG2 and HUH-7 cells ( Supplementary Fig. 1a, b ). We further examined whether decreased DKK1 expression affected the biological activities of HepG2 and HUH-7 cells. The CCK-8 (Cell Counting Kit-8) assay results revealed that downregulation of DKK1 by DKK1-shRNA significantly inhibited the proliferation of HepG2 and HUH-7 cells (Fig. 2c ). The colony formation assay results revealed that fewer colonies were found in DKK1-shRNA-treated HepG2 and HUH-7 cells than in the corresponding control cells (Fig. 2d ). In addition, the FACS analysis-based cell cycle progression assay results revealed that DKK1 suppression decreased the number of HepG2 and HUH-7 cells in the S phase ( Fig. 2e ). The cell invasion assay results showed that the number of HepG2 and HUH-7 cells that migrated through the Transwell filter was markedly lower in the DKK1-shRNA group than in the control group (Fig. 2f ). Collectively, these data indicate that suppression of DKK1 not only inhibits the proliferation but also decreases the invasion of HepG2 and HUH-7 cells in vitro.
Forced expression of DKK1 increases the proliferation, colonyforming ability, cell cycle progression, and invasion of HepG2 and HUH-7 cells in vitro To investigate the effects of DKK1 on HCC cells, pCMGV/DKK1derived retroviruses were used to transduce HepG2 and HUH-7 cells to establish HCC cell lines with stable forced expression of DKK1. The qRT-PCR and western blot analysis results revealed that DKK1 expression was effectively and functionally induced in HepG2 and HUH-7 cells compared with control cells (Fig. 3a, b ). In addition, the ELISA results showed that the DKK1 level was increased in the supernatants of cultured HepG2 and HUH-7 cells with stable forced expression of DKK1 ( Supplementary Fig. 1a, b) . The results of CCK-8 and colony formation assays revealed that forced expression of DKK1 significantly increased the proliferation (Fig. 3c ) and colony-forming ability (Fig. 3d ) of both HepG2 and HUH-7 cells compared with the corresponding control cells. Furthermore, the cell cycle distribution analysis results showed a significant increase in the number of cells in the S phase after forced expression of DKK1 in HepG2 and HUH-7 cells (Fig. 3e) . Moreover, the number of HepG2 and HUH-7 cells that migrated through the Transwell filter was markedly higher in the forced DKK1 expression group than in the control group (Fig. 3f ). Taken together, these data suggest that forced expression of DKK1 enhances the proliferative and invasive properties of HepG2 and HUH-7 cells in vitro.
Forced expression of DKK1 enhances the tumorigenicity of HepG2 and HUH-7 cells in vivo
Because the in vitro studies suggested that DKK1 plays a regulatory role in HepG2 and HUH-7 cell proliferation and invasion, the biological significance of these results was further evaluated in an in vivo model of HCC. To this end, a xenograft tumor formation assay was performed to investigate the effect of DKK1. As shown in Fig. 4a, downregulation from control cells on the right flanks of the nude mice (green arrow) (Fig. 4b) . These data corroborate the in vitro observations and support the idea that forced expression of DKK1 enhances the tumorigenicity of HepG2 and HUH-7 cells in vivo, indicating that DKK1 might function as an oncogene.
The Wnt/β-catenin signaling pathway is activated by DKK1 in HCC cell lines Next, we investigated a potential mechanism underlying the effects of DKK1 on HCC cell proliferation and tumor formation. DKK1 is well established as a key regulator of the Wnt/β-catenin signaling pathway. 7 Increased expression of DKK1 is associated with cytoplasmic/nuclear β-catenin accumulation in HCC patients. 20 Therefore, we investigated whether DKK1 can activate the Wnt/β-catenin signaling pathway. Fluorescently labeled anti-DKK1 and anti-β-catenin antibodies were used for confocal microscopy analysis. Confocal microscopy revealed that forced expression of DKK1 in HepG2 and HUH-7 cells increased the nuclear expression of β-catenin ( Fig. 5a, d ) in vitro. In contrast, downregulation of DKK1 in HepG2 and HUH-7 cells impaired the nuclear expression of β-catenin (Figs. 5 and 2c, f) in vitro. To detect the activity of the Wnt/β-catenin signaling pathway, we used a luciferase reporter assay. HCC cells were transfected with pGL3-TCF/LEF for the Wnt/β-catenin signaling pathway assessment. As shown in Supplementary Fig. 2a ,b, suppression of DKK1 in HepG2 and HUH-7 cells decreased the luciferase activity, and vice versa. Additionally, the western blot analysis results revealed that suppression of DKK1 in HepG2 and HUH-7 cells decreased the protein expression of WNT1 and β-catenin ( Fig. 6a ). Moreover, forced expression of DKK1 enhanced WNT1 and β-catenin expression in HepG2 and HUH-7 cells compared with the corresponding control cells (Fig. 6b ). Subsequent investigation revealed that forced expression of DKK1 enhanced the nuclear expression of β-catenin ( Fig. 6c, d) . These findings indicated that DKK1 promotes β-catenin nuclear translocation and that the Wnt/ β-catenin signaling pathway is activated by DKK1 in human HCC cell lines. WNT1 and β-catenin may be important downstream targets of the DKK1 cascade.
Downregulation of β-catenin impaired the proliferation and tumorigenicity of HCC cells with forced expression of DKK1 Deregulation of the Wnt/β-catenin signaling pathway is a hallmark of cancers, including HCC. β-Catenin is a major functional protein in the Wnt/β-catenin signaling pathway. [26] [27] [28] However, whether β-catenin is involved in formation of tumors by HCC cells with forced expression of DKK1 (DKK1 High HCC cells) remains unclear.
To investigate the role of β-catenin, β-catenin-shRNA lentiviral vectors were used to deplete β-catenin expression in DKK1 High HepG2 and HUH-7 cells and establish stable β-catenin Low DKK1 High HepG2 and HUH-7 cell lines (Fig. 6e ). As shown in Fig. 6f , β-catenin knockdown in DKK1 High HCC cells markedly inhibited proliferation compared with that under control conditions in vitro. Consistent with this result, β-catenin Low DKK1 High HepG2 and HUH-7 cells exhibited significantly diminished in vivo tumor formation (red arrow) compared with DKK1-DKK1 High HepG2 and HUH-7 cells (green arrow) ( Fig. 6g ) in vivo. These findings indicate that DKK1 enhances proliferation and tumor formation through β-catenin in HCC cells.
DISCUSSION
We previously reported that DKK1 was overexpressed in HCC. 24 However, the specific role of DKK1 in HCC remains to be ascertained. It has been reported that DKK1 promotes HCC cell invasion and that increased expression of DKK1 is associated with poor prognosis in HCC patients. 19, 20 These data suggest that DKK1 may be involved in the progression of HCC. Herein, we demonstrated that DKK1 is upregulated in HCC tissues and is associated with larger tumor sizes and multiple tumors in patients with HCC. These findings indicate that DKK1 may participate in the progression of HCC. Additionally, depletion of DKK1 in HCC cells impaired cell proliferation, colony formation, cell cycle progression, and cell invasion abilities in vitro. In contrast, forced expression of DKK1 dramatically enhanced the proliferation, colony-forming ability, cell cycle progression, and invasion of HCC cells. Taken together, these data suggest that DKK1 plays a vital role in the proliferation and invasion of HCC cells in vitro. The function of DKK1 in HCC tumor formation, has not been examined to date. Here, the results of the in vivo assays provide the first evidence that implantation of HepG2 and HUH-7 cells with forced expression of DKK1 into nude mice results in enhanced tumor formation, indicating that DKK1 plays a significant role in the tumorigenicity of HCC cells in vivo. Collectively, these results indicate that DKK1 functions as a tumor oncogene in HCC. In the present study, the possible mechanism by which DKK1 mediates proliferation and tumor formation in HCC was investigated. WNT-induced signaling, which is frequently involved in cancer progression, can be suppressed by DKK1. 6, [29] [30] [31] In addition, DKK1 has been shown to be activated during the progression of multiple tumors, including HCCs. 7 Moreover, Yu et al. 20 reported that increased expression of DKK1 is associated with cytoplasmic/nuclear β-catenin accumulation in HCC patients. It seems likely that DKK1 is involved in the regulation of Wnt/ β-catenin in HCC cells. Here, we found that the expression levels of WNT1 and β-catenin were dramatically increased in HepG2 and HUH-7 cells with forced expression of DKK1. Knockdown of DKK1 in HCC cells by DKK1-shRNA dramatically impaired the protein expression of WNT1 and β-catenin. Moreover, deletion of DKK1 decreased TCF/LEF activity. Most importantly, the findings from confocal microscopy and western blot analysis also revealed that forced expression of DKK1 promotes β-catenin nuclear translocation in HepG2 and HUH-7 cells. Taken together, these data suggest that the Wnt/β-catenin signaling pathway is activated by DKK1 in HCC cells in vitro. WNT1 and β-catenin may be important downstream targets of DKK1.
β-Catenin is the key functional protein in the Wnt/β-catenin signaling pathway. 26, 32 It has been reported that β-catenin translocates from the cytoplasm to the nucleus and is essential for tumorigenesis. 33, 34 However, whether DKK1 is involved in the regulation of β-catenin in HCC cells is unclear. Thus, β-catenin-shRNA lentiviral vectors were used to deplete β-catenin expression in HepG2 and HUH-7 cells with forced expression of DKK1. We found that knockdown of β-catenin markedly inhibited the in vitro proliferation and in vivo tumorigenicity of HCC cells with forced expression of DKK1 compared with the corresponding control cells. These findings imply that DKK1 may enhance the proliferation and tumorigenicity of HCC cells through β-catenin.
In conclusion, DKK1 contributes to HCC tumorigenesis by activating the Wnt/β-catenin signaling pathway, thus providing us with a potential therapeutic option for HCC in clinical practice.
